The inhibition of the growth of Yersinia enterocolitica by other gram-negative bacteria in mixed cultures at 32°C was not the consequence of a depletion in essential nutrients, an unfavorable change in pH or oxygen tension or the production of toxic metabolic products. The inability of Y. enterocolitica to attain its potential maximum population in mixed cultures appeared instead to result from "metabolic crowding," which occurred when the faster-growing antagonistic organism reached stationary-phase density. Lowering the incubation temperature, a technique commonly used in "cold" enrichment for isolation of Y. enterocolitica, tended to equalize growth rates and thereby allowed Y. enterocolitica to achieve a higher population.
The inhibition of the growth of Yersinia enterocolitica by other gram-negative bacteria in mixed cultures at 32°C was not the consequence of a depletion in essential nutrients, an unfavorable change in pH or oxygen tension or the production of toxic metabolic products. The inability of Y. enterocolitica to attain its potential maximum population in mixed cultures appeared instead to result from "metabolic crowding," which occurred when the faster-growing antagonistic organism reached stationary-phase density. Lowering the incubation temperature, a technique commonly used in "cold" enrichment for isolation of Y. enterocolitica, tended to equalize growth rates and thereby allowed Y. enterocolitica to achieve a higher population.
When a bacterium is introduced into an environment that is suitable for cell multiplication and provides an excess of all required nutrients, the organism will divide until reaching a stable population density in what is called the stationary phase. This limitation on the population is commonly attributed to an accumulation of toxic metabolic products, the exhaustion of essential nutrients required for growth, or a change in pH (5, 8, 10) . This, however, was not the conclusion of Bail (2) , who in 1929 suggested that the maximum number in the stationary phase ("M concentration") was set by an inherent attribute of the organism and the necessity of a certain amount of physical or "biological" space. Another hypothesis suggests that cell multiplication depends on the maintenance of a critical minimal concentration of food per unit of surface or volume (7) . Multiplication may also depend on a certain critical rate of nutrient supply, which is dependent in turn on a concentration diffusion gradient that declines as the cell density increases.
In mixed populations, one organism may grow unrestricted but exert an antagonistic and inhibitory effect on the growth of another and thereby prevent the second organism from attaining its maximum potential population. The antagonism by lactic bacteria toward growth of psychrotrophs (1) and potential foodborne pathogens (4, 13) in mixed cultures has been studied the most thoroughly. These antagonistic interactions become extremely important when an attempt is made to isolate a specific organism from materials containing a varied microbial flora. The usual technique is to provide an enrichment system that will encourage the growth of the organism being sought (the target organism) to the exclusion or limitation of all others. It is neither necessary nor reasonable to expect total inhibition of all background organisms, rather to expect only that the target organism will grow to a density that will provide a significant proportion of the colonies presented on the selective-differential isolation agar medium used after enrichment.
Isolation of the enteropathogen Yersinia enterocolitica from food, water, and stools has commonly been accomplished by the use of "cold" enrichment (9, 11, 14) , a procedure that imposes a lengthy time period. The (6) and was previously found to be infective for HeLa cells (3) . Other gram-negative bacteria used in this study were then removed by centrifugation. The spent broth was filter sterilized and supplemented with 1.0% Special Peptone and yeast extract, the pH was raised from 7.58 to 8.30, and the medium was filter sterilized again. Y. enterocolitica introduced alone into this supplemented, pH-adjusted, spent broth grew as well as it did in fresh broth (Fig. 2) . In mixed culture in fresh broth, the inhibition of Y. enterocolitica was similar to that observed in the previous multiplicity experiment. The final media pH values for Y. enterocolitica alone in fresh and spent broth were 7.99 and 8.18, respectively, and 8.48 in the mixed culture after 48 h of incubation. Effect of viability and crowding. Two cultures of K. pneumoniae were grown to stationary phase, recovered by centrifugation, and then suspended in fresh broth. In one case the cells were first killed by boiling. Y. enterocolitica was introduced into the fresh media containing live and dead cells of K. pneumoniae at stationary-phase density, and the mixed cultures were grown under vigorous aeration. The inhibitory effect of the live cells on the growth of Y. enterocolitica was immediate (Fig. 3) , whereas the killed cells at an equal density had no effect (Fig. 4) (Fig. 6, 7, and 8) . The antagonism in terms of a reduction in the maximum population compared with the control culture of Y. enterocolitica alone was greater with C. freundii than with P. fluorescens at both 32 and 25°C. This difference could be related to the faster growth of C. freundii at these temperatures. At 15°C the time it took for both C. freundii and P.
fluorescens to reach the stationary phase was approximately the same, and the effect on the growth of Y. enterocolitica was essentially identical. At this lower temperature the growth rates of both organisms in the mixed cultures were nearly identical, in contrast to the differences observed at higher incubation temperatures. DISCUSSION These experiments demonstrated that the antagonistic effect of certain gram-negative bacteria toward the growth of Y. enterocolitica in mixed cultures at higher temperatures is not the result of nutrient depletion, reduction in oxygen tension, the production of any toxic metabolite, or an unfavorable change in pH. The data show that growth of Y. enterocolitica was halted when the second organism reached the stationary phase, which supports the theory regarding the necessity of a certain critical space for continued cell multiplication. It appears that this space requirement is "biological" (or "metabolic") and not merely physical, since live but not dead cells of K. pneumoniae inhibited the multiplication of Y. enterocolitica when introduced into fresh media at stationary-phase cell densities.
The beneficial effect of "cold" enrichment for isolation of Y. enterocolitica appears to result from changing the growth rates in a way that allows Y. enterocolitica to come closer to attaining its potential maximum population. It is not that the growth of other gram-negative bacteria ceases at lower temperatures, but only that the growth rates are more equalized. Under these conditions, Y. enterocolitica can attain a higher cell density before the effects of metabolic crowding by other organisms are exerted. This is not to suggest that under other circumstances factors such as nutrient depletion, oxygen supply, toxic metabolites, and pH may in various combinations exert inhibitory effects, but only that when these influences are eliminated, the only one remaining is metabolic crowding.
The hope of developing an enrichment medium for Y. enterocolitica that could be used at higher temperatures and thereby reduce the time required for isolation was dashed by this study. We did, however, develop a new medium that was an improvement over Trypticase soy broth and presents a potential alternative for preenrichment. The results from the temperature studies suggest that it is not necessary to go as low as 4TC, which is commonly used for cold enrichment of Y. enterocolitica from mixed cultures (9, 11, 14) . Our data show that antagonisms are essentially eliminated at 15°C, a temperature that would serve equally as well for enrichment while decreasing the time period substantially. The common use of 4°C for enrichment of Y. enterocolitica has more likely been encouraged by the availability of refrigerators at this temperature rather than on the basis of any physiological benefit for improving isolation.
